Despite progress in understanding microbial biogeography of surface soils, few studies have investigated depth-dependent distributions of terrestrial microorganisms in subsoils. We leveraged high-throughput sequencing of 16S rRNA genes obtained from soils collected from the rare Charitable Research Reserve (Cambridge, ON, Canada) to assess the influence of depth on bacterial communities across various land-use types. Although bacterial communities were strongly influenced by depth across all sites, the magnitude of this influence was variable and demonstrated that land-use attributes also played a significant role in shaping soil bacterial communities. Soil pH exhibited a large gradient across samples and strongly influenced shifts in bacterial communities with depth and across different land-use systems, especially considering that physicochemical conditions showed generally consistent trends with depth. We observed significant (p ≤ 0.001) and strongly correlated taxa with depth and pH, with a strong predominance of positively depth-correlated OTUs without cultured representatives. These findings highlight the importance of depth in soil biogeographical surveys and that subsurface soils harbour understudied bacterial members with potentially unique and important functions in deeper soil horizons that remain to be characterized.
INTRODUCTION
Microbial communities play dominant roles in the biogeochemical cycling of Earth's elements, with profound implications for ecosystem stability, human health and global climate (Torsvik and Øvreås 2002; Turnbaugh et al. 2007; Bardgett, Freeman and Ostle 2008; Falkowski, Fenchel and Delong 2008; Eilers et al. 2012; Pedrós-Alió 2012) . Due to extensive spatial heterogeneity, soils are among the most diverse microbial habitats, with most taxa existing at low relative abundance (i.e. the 'rare biosphere') (Pedrós-Alió 2012; Lynch and Neufeld 2015) . Despite this extensive diversity and biogeochemical relevance, our understanding of the distribution of soil microbial communities and their associated processes has largely been restricted to surface soils (0-15 cm) . However, it is well known that many important biogeochemical processes, such as carbon and nitrogen cycling, are carried out differentially throughout soil profiles by distinct microbial assemblages (Buss, Bruns and Schultz 2005; Eilers et al. 2012) . As a result, defined shifts in microbial communities are typically reported (Ekelund, Rønn and Christensen 2001; Hansel et al. 2008; Hartmann et al. 2009; Will et al. 2010) including consistent decreases in diversity with depth (Fierer, Schimel and Holden 2003; Agnelli et al. 2004) .
Despite studies that highlight overall changes in microbial community composition with depth, few have shown detailed phylogenetic and taxonomic characterization of these trends (Hansel et al. 2008; Hartmann et al. 2009; Will et al. 2010; Gittel et al. 2014a) , with even fewer comparing these shifts across different land-use systems. Contributions by Eilers et al. (2012) have shown distinct depth-dependent patterns in major groups of bacteria and archaea across different landscapes including a consistent decline in the relative abundance of Bacteroidetes and a mid-profile peak in Verrucomicrobia members. Despite these results, our understanding of soil microbial ecology remains particularly limited with respect to changes in microbial communities with depth and among different land-use systems and biomes.
Microbial biomass and diversity generally decrease with depth, reflecting multiple changes in soil physicochemistry (Blume et al. 2002; Fierer, Schimel and Holden 2003; Hartmann et al. 2009; Eilers et al. 2012) . Microorganisms within deeper soil horizons are considered to play important roles in soil development and biogeochemical cycling, especially due to their proximity to parent material (Buss, Bruns and Schultz 2005) , nutrient and carbon storage potential, and lower turnover rates than surface soil microbiota (Trumbore 2000; Fierer, Chadwick and Trumbore 2005; Rumpel and Kögel-Knabner 2010) . As a result, studying the biogeography of soil microorganisms, with a particular emphasis on deeper soil horizons, can provide insight into unique and potentially significant processes affecting soil ecosystems. Additionally, due to an overall lack of characterization, surveying deeper soils may reveal novel organisms that are responsible for keystone functions in subsurface soils. Furthermore, microbial community succession and changes in microbial community dynamics with depth are poorly characterized, particularly following anthropogenic land-use alteration. Most previous studies have examined surface and seasonal environmental changes on microbial community composition (Griffiths et al. 2003; Bossio et al. 2005) . Comparing uncharacterized depthdependent responses to changing land-use regimes represents a relatively understudied aspect of soil microbial ecology . Furthermore, relating these trends and attempting to address the underlying factors affecting these patterns remains a critical and common goal among microbial ecologists (Hanson et al. 2012) .
In this study, we used a dataset of 16S rRNA gene sequences generated via high-throughput sequencing of soil samples from the rare Charitable Research Reserve (Cambridge, Ontario, Canada) to assess the effect of depth and land-use in shaping soil bacterial biogeography. The rare Charitable Research Reserve was ideal for this study because it contains various land-use systems ranging from old growth forests to decommissioned and currently active agricultural fields. Additionally, uniform geology and physiography allowed for a consistent comparison of soil depth across a single 364 ha property. The objectives of this study were to investigate and explore the effects of depth and land use on soil bacterial communities. We hypothesized that microbial species diversity will decrease with soil depth and that subsurface soil microbial communities will show patterns of depth variation across various land-use types similar in magnitude to variations observed for important global gradients including pH Bartram et al. 2014) . Furthermore, considering the consistent geology across the rare Charitable Research Reserve, we hypothesized that surface soils would likely be governed largely by contemporary physicochemical factors resulting from stronger environmental gradients (i.e. surface nutrient input), with deeper soils affected by historical influences (e.g. parent material) and depth-specific soil properties. Legacy effects from agricultural practices were also hypothesized to shape bacterial communities presumably undergoing succession. We also hypothesized the presence of uncharacterized bacterial taxa present throughout sampled soil profiles and particularly within deeper soil samples.
MATERIALS AND METHODS

Site characterization
Soil sampling was conducted at the rare Charitable Research Reserve (Cambridge, ON, Canada; Fig. 1A ). Founded in 2001, rare is a 364 ha area with diverse land-use systems, ranging from old-growth forests to active agricultural fields. The site is located within the Grand River Watershed. The Grand River borders the northern edge of the property and the majority of the property exists on fluvioglacial materials deposited approximately 13 000 years ago, as well as upper middle Silurian dolostone bedrock. Soils across the property were mainly classified as Luvisols with well-developed eluviated clay-rich horizons, whereas alvars were classified as Brunisols with less clay accumulation in the B-horizon (Agriculture and Agri-Food Canada 1998) . Seven distinct sampling sites were chosen across the property (Table S1, Supporting Information): one old-growth forest (Indian Woods), two mature forests (Hogsback, Cliffs and Alvars), three decommissioned agricultural fields (decommissioned in 2003, 2007 and 2010) and one active agricultural field (Preston Flats) (Fig. 1A) . In this study, we used the term 'field' collectively, in reference to both grasslands (i.e. decommissioned agricultural fields, alvars) and the agricultural site. The majority of forested sites across rare date back to over 200 years. Old-growth forests were defined as undisturbed areas for more than 240 years. Mature forests were classified as a forested area for the past 100-200 years, where the Cliffs and Alvars site was the youngest and most subjected to previous disturbance (e.g. historical cattle grazing and selective cutting in some areas).
All forested sites were dominated by a mix of northern hardwood and Carolinian tree species (i.e. Quercus rubra, Q. alba, Q. velutina, Acer saccharum, A. nigrum, Fagus grandifolia, Pinus strobus, Fraxinus americana, Tilia sp. and Carya sp.) , with diverse ground cover including ferns, shrubs and forbs. Decommissioned fields were dominated primarily by grasses and forbs, including Daucus carota, Apocynum sp., Solidago sp., Dipsacus fullonum, thistle, with some larger tree species also present, including A. saccharum, Populus sp. and Juglans nigra. The Preston Flats was an agricultural site under no-till since 2002 using conventional agroecosystem management practices including herbicide and fertilizer (urea) application. This site was under a corn (Zea mays)-soybean (Glycine max) rotation between 2002 and 2011, but since 2011 under a corn monocrop.
Sample collection
Samples were collected from a total of 66 soil pits from August to September 2013 (Table S1 ). For each of the seven sites, three 5 m × 5 m sampling subplots were selected randomly (Fig. 1B) . Within each of the subplots, three randomly placed pits were excavated in 15 cm increments to a total depth of 45 cm (Fig. 1C) . Soil from one pit of each subplot was sampled in 5 cm intervals to account for small-scale depth variations (Fig. 1C) . For each pit, soils were collected starting from the lowest depth increment by horizontally removing soil from the soil profile. Soil at the Alvars site was shallow (20 cm to bedrock) and was excavated in 5 and Figure 1 . Map of the rare Charitable Research Reserve (A) including the seven sampling sites. Sampling was conducted on one active agricultural field, three decommissioned agricultural sites (2003, 2007 and 2010) , one old-growth forest (Indian Woods) and two mature forests (Hogsback and Cliffs and Alvars). Subplots ('P') for each site are indicated by vertical arrows. At the Cliffs and Alvars site, a fourth subplot was designated in order to sample alvar-type soils exclusively (designated by the light green vertical arrow). Overview of the sampling subplots and pits (not drawn to scale) (B) and overview of the sampling scheme for each pit (C).
10 cm increments to a total depth of 20 cm. The larger increment category (15 cm for all soils except for the Alvars site, which was 10 cm) will be subsequently referred to as the '15/10' increment. Soil horizons for each pit were characterized according to Presant and Wicklund (1971) and Agriculture and Agri-Food Canada (1998) , to account for variability in the prescribed depth increments (Table S2 , Supporting Information).
For soil physicochemistry, ∼500 g of soil was removed from each 15 cm sampling increment using a clean stainless steel shovel, placed in a plastic bag on ice until transfer to a -80
• C freezer until analysis. For bulk density, a metal core ring was inserted into the side of each 15 cm depth increment (in duplicate), carefully removed, placed into a plastic bag and stored at room temperature until analysis. For molecular analyses, ∼15 g of soil was removed from the appropriate depth increment, using a clean stainless steel spatula and placed in a 15 mL sterile plastic tube. Soils for molecular analyses were stored immediately on ice in the field and then at -80 • C until analysis. For all soil collections, exposed soil surfaces were scraped and samples were collected as deep as possible within the soil profile to minimize cross-contamination between depth levels.
Soil physicochemical characterization
Soil physiochemical parameters measured in this study were chosen based on the recommended minimum sample information as determined by the Minimum Information about MARKer gene Sequences (MIMARKS) guidelines of the Genomic Standard Consortium (Yilmaz et al. 2011 • C overnight (<18 h) before completion of the extraction protocol the following day as described in the PowerSoil-htp protocol. Bacterial communities were characterized by amplification of the 16S rRNA gene spanning the V3-V4 hypervariable region (∼465 bp), as described elsewhere (Bartram et al. 2011; Kennedy et al. 2014) . Modified Illumina-specific primers, 341-F (5 -CCTACGGGAGGCAGCAG-3 ) and 806-R (5 -GGACTACHVGGGTATCTAAT-3 ), were used to amplify the bacterial 16S rRNA fragments, with modifications including adapter sequences (for flow-cell binding), complimentary forward and reverse priming regions required for Illumina-specific primers, and a six-base barcode for sample multiplexing. Triplicate PCRs were carried out in 25 μL reactions containing 2. 
High-throughput sequencing
Triplicate PCR products were pooled individually and gel quantified with pre-prepared V3-V4 standards using the band analysis tool from the AlphaView Software (Alpha Innotech, San Leandro, CA, USA). Standards for gel quantification were prepared by pooling and quantifying previously prepared Illumina-based PCR products (spanning the V3-V4 region). All samples were pooled into a single mixture with equal nanogram amounts. Amplified 16S rRNA genes were extracted and purified from the pooled mixture using the Wizard SV Gel and PCR Clean-Up System (Promega Corporation, Fitchburg, WI, USA). Libraries were diluted to 6 and 9 nM, and concentrations were validated using the following methods: the Qubit 2.0 Fluorometer and the Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA), gel quantification using previously prepared Illumina-based standards (as described above) and qPCR. Library quantification via qPCR was done using the PerfeCta NGS Library Quantification Kit (Quanta Biosciences, Beverly, MA, USA) designed specifically for the quantification of Illumina libraries. Briefly, the qPCRs were carried out in 20 μL volumes using the Illumina forward (P5) and reverse (P7) primers (5 -AATGATACGGCGACCACCGA-3 and 5 -CAAGCAGAAGACGGCATACGA-3 , respectively) as well as a SYBR Green SuperMix (Quanta Biosciences). The thermal cycler conditions were as follows: initial denaturation step at 95
• C for 3 min, Libraries were prepared and loaded onto the MiSeq platform (Illumina, San Diego, CA, USA) for paired-end sequencing using the MiSeq Reagent v2 kit (500 cycles, Illumina) with the inclusion of a 5% PhiX control library spike. Post-sequencing analysis, including image analysis, base calling, Phred quality score calculations and demultiplexing were performed using the MiSeq Control Software (version 2.3.0.3; Illumina). All sequences were deposited in the Sequence Read Archive of the National Center for Biotechnology Information under project number SRP090292.
Data subsets
Because soils were sampled in two different depth increments (i.e. in both 5 and 15/10 cm increments) across various land-use types, the entire dataset was split into four main data subsets in addition to the master dataset (i.e. all samples). Datasets were divided into two depth resolution subsets, 15/10 and 5 cm, as well as two land-use type-based datasets which discriminated forested (IW, H, CA) and field (AA, D03, D07, D10, Al) sites. The latter two datasets included soil samples taken exclusively from the 15 cm increments. This approach ensured a high degree of sample replication, considering that soils were taken in 15 cm increments from all pits whereas soils sampled in 5 cm increments were taken from only one pit in each subplot. The operational taxonomic unit (OTU) tables for the full datasets at both the 15 and 5 cm increment scales are presented in Tables S3 and  S4 (Supporting Information) .
Bioinformatic and statistical analyses
After initial post-sequencing analysis, resulting paired-end reads were assembled using the PAired-eND Assembler for DNA sequences algorithm, using a quality threshold value of 0.9 (Masella et al. 2012) . Sequences with both mismatches and ambiguous base calls were discarded. Because >98% of the samples had more than 10 000 sequences per sample, any sample with fewer than 10 000 sequences was removed from the analysis. Accordingly, three samples were removed from the 15/10 cm increment dataset and one sample from the 5 cm increment dataset. After removing these samples, each depth increment was still represented by >60 samples. For various downstream analyses requiring equal sequence contributions for all samples, sequence data were rarefied to the same number of sequences for each sample.
Sequence processing and dataset exploration was largely managed using the AXIOME (Automation, eXtension, and Integration Of Microbial Ecology) pipeline (Bartram et al. 2011; Lynch et al. 2013) . In particular, de novo clustering of assembled reads into OTUs and removal of chimeric sequences and singletons (i.e. single sequences) were done using UPARSE (Edgar 2013) at a 97% sequence identity threshold. Classification of OTUs was carried out using the RDP classifier (Ribosomal Database Project, version 2.2) (Wang et al. 2007 ) at a bootstrap confidence threshold of 0.8 against the Greengenes database (version 13.8) (McDonald et al. 2012) . Multivariate visualizations using principal coordinate analysis (PCoA) (Gower 1966) were generated in AXIOME. Bray-Curtis dissimilarities (Bray and Curtis 1957) were used to assess the compositional dissimilarity among sites. Both multiple-response permutation procedure (MRPP; Mielke, Berry and Johnson 1976 ) and analysis of similarity (ANOSIM; Clarke, 1993) were carried out in AXIOME and used to test whether a priori groupings of samples were significantly different. For consistency in MRPP interpretations, thresholds for the chance corrected within-group statistic, A, were arbitrarily defined as weak (<0.1), moderate (0.1-0.3) and strong (>0.3), based on the suggestion that values >0.3 are considered high in community ecology (McCune and Grace 2002). The MRPP test statistic, T, which represents between-group separation, was also given arbitrary threshold values, defined as weak (>−10), moderate (−10 to −25) and strong (<−25). PERMDISP (Anderson, Ellingsen and McArdle 2006) and ANOVA were carried out on depth groupings using the vegan package (version 2.2-1) in R (R Core Team 2014). To assess the influence of explanatory variables in affecting the overall 16S rRNA gene datasets, PERMANOVA (permutational multivariate analysis of variance using distance matrices) (Anderson 2001) was carried out using the adonis function in the vegan package in R managed by QIIME (Caporaso et al. 2010) . PERMANOVA was carried out on each environmental variable individually to wholly assess its overall influence. Constrained (canonical) correspondence analysis (CCA) (Legendre and Anderson 1999 ) based on PERMANOVA results (i.e. R 2 ) was used to further evaluate the relationship between edaphic factors and soil bacterial community structure. We tested the collective influenced of depth, site ID and land-use type using PERMANOVA with a model that takes into account the nested sampling design used in this study. Spearman's rank correlations were used to assess multicollinearity between variables using the 'varclus' function in the Hmisc package in R (Harrell et al. 2015) at a Spearman's ρ threshold of 0.7 leading to the collapse of seven out of the 28 variables into three composite variables (land-use type, silt and coarse sand; Fig. S1 , Supporting Information). Based on the explained variations and their interpreted ecological significance from PERMANOVA, the following parameters were used for CCA: depth, pH, NO 2 − , NO 3 − , NH 4 + , SOC, SIC, TC, H 2 O, soil texture, site ID, bulk density and land-use type. To test the significance of the constrained ordination, the anova.cca function in the vegan package in R was used. All CCA models reported in this study were significant (P < 0.01). In all analyses, physicochemical results that were below the analytical detection limit were adjusted to half of the detection limit value. Detrended correspondence analysis was carried out to help assess the strong 'arch effect' observed in the forest data subset using the phyloseq (version 1.10.0) package (McMurdie and Holmes 2013) in R. OTU richness shifts with depth and across land-use types were analyzed using observed OTU counts. Non-parametric two sample t-tests were used to test for significant differences in richness estimates among depth and land-use type categories using the 'compare alpha diversity.py' script in QIIME (Caporaso et al. 2010; Eilers et al. 2012) . Richness correlations with pH were conducted with the 'cor.test' function in the 'stats' R package with Benjamini-Hochberg corrected P values (Benjamini and Hochberg 1995) . To assess overall shifts in taxa with depth, bar plots based on relative abundances of the top 10 most abundant phyla at both coarse-and fine-scale depth intervals were created using the phyloseq package (version 1.10.0) (McMurdie and Holmes 2013) in R. Significance of the shifts of each phylum with depth was tested using non-parametric pairwise Wilcoxon rank-sum tests using the 'stats' package (version 3.1.2) in R. The P-values generated from the Wilcoxon rank-sum tests were Benjamini-Hochberg corrected to reduce false discovery rate.
Spearman's rank correlation analysis was used to test for significant correlations of all OTUs using the 'cor.test' function in the 'stats' package in R. Considering that the land-usage effect was largely a consequence of pH, we only conducted correlation analysis on the variables depth and pH. Correlations were calculated for all taxa from the master (i.e. all samples), field and forest data subsets at both spatial resolutions (i.e. 15 and 5 cm increment datasets). Only taxa that showed a strong and significant correlation (Spearman's ρ ≥ 0.6; P < 0.001, BenjaminiHochberg corrected) with depth or pH at both spatial scales for each respective data subset were considered. These strongly and significantly correlated taxa were ranked by the average ρ between data subsets based on the assumption that consistency in correlations at both spatial resolutions likely represents strongly correlated taxa overall. Raw Spearman's correlation results are shown in Table S5 (Supporting Information). In addition, indicator species analysis (Dufrêne and Legendre 1997) was carried out in AXIOME on the categories of depth, land-use type and pH using a 0.7 indicator value threshold, sequence abundance threshold of 100 and a P value cut-off of < 0.05.
RESULTS
Soil characteristics
Soil physicochemistry varied with soil depth, individual plots and across site locations (Fig. 2, Table S2 ). Soil pH was consistently higher in subsurface soils than in surface soils at all sites ( Fig. 2A) . The forested sites (IW, H, CA) were more variable in pH than the field sites (D03, D07, D10, AA, Al), which were all neutral to slightly alkaline ( Fig. 2A) . Some forest soils were acidic, whereas others were neutral to alkaline ( Fig. 2A) . Site CA had the widest range of pH than any other site, with the pH ranging from 4.5 to > 7.5.
Generally, SOC decreased with soil depth (Fig. 2B) . In surface soils, SOC content ranged from <1% to >8%. SIC was generally higher in subsurface soils than in surface soils (Fig. 2B) . Soil NH 4 + and NO 3 − were lower in subsurface soils, except for site AA, plot 2, which appeared to have higher NH 4 + in subsurface samples than in surface samples (Fig. 2C ). Surface NH 4 + was generally higher in the forest than field sites, whereas Table S2 .
surface NO 3 − was generally higher in field than in forest sites.
Soil moisture was lower in deeper soil, with the exception of samples from site D03, which were consistent throughout the soil profile (Table S2) . Soils were generally classified as loamy with the exception of soils from site D07, plot 1, which were classified texturally as fine sand (Table S2) .
General community characteristics across the rare Charitable Research Reserve
Sequencing of 16S rRNA gene amplicons from all 380 soil samples from seven selected sites across the rare Charitable Research Reserve generated an overall dataset of 34 232 172 assembled paired-end reads. After sequence clustering and chimera checking via the UPARSE pipeline, 28 307 344 sequences remained in the overall dataset. Depending on the particular data subset used in downstream analyses, sequenced samples maintained a minimum, maximum and mean sequence count of >10 000, 100 000 and 60 000, respectively. Data subsets were clustered into OTUs with full-site subsets (i.e. master, 15 cm and 5 cm increment subsets) and land-use subsets maintaining >17 000 OTUs. Land-use subsets (e.g. forests and fields only) had OTU counts of >11 000. In general, richness estimates showed a consistent trend with depth across all sites, with surface soil samples associated with higher OTU richness than deeper samples (t-test, P < 0.001, between 0-15 and 0-30, 0-15 and 15-45 cm) (Fig. 3) . There was some evidence for greater OTU richness for samples having a neutral to slightly alkaline pH ( Fig. 3 ; Spearman's ρ = 0.148, P < 0.05). Field sites were generally all associated with near-neutral pH, corresponding with a generally higher OTU richness (Figs 2A  and 3 ). Forest site samples fell across the pH range corresponding to a differential range of OTU richness (Figs 2A and 3) . Site CA had an overall lower OTU richness (t-test, P < 0.005) than all sites, except several samples from sites Al and H. Notably, site CA soils were associated with lower pH values ( Fig. 2A) .
Bacterial community changes with soil depth
Ordinations of 16S rRNA gene datasets provided evidence of consistent differences in bacterial community composition with increasing soil depth between the coarse-and fine-scale increment datasets (Fig. 4A) . In general, surface soil bacterial communities grouped more closely than communities from deeper soils (Fig. 4A, Fig. S2 , Supporting Information). The influence of depth was significant at both spatial resolution scales (P < 0.001), albeit with low within-group associations (A = 0.05 for the 15 cm data subsets; A = 0.03 for the 5 cm data subsets; Fig. 4A and C). Although there was evidence for notable between-group separation at both spatial resolutions, the coarse spatial scale suggested stronger and more distinct depth-based groupings (T = −19.7; Fig. 4A and C) . This was also confirmed by ANOSIM results, which indicated that bacterial communities associated with each depth group were significantly, albeit weakly, different (Table 1) . Surface soil bacterial communities grouped strongly by site (Fig. S3A, Supporting Information) , whereas samples located deeper within soil profiles were more variable (i.e. less distinct site-specific groupings; Fig. 4B and C) . The MRPP results for these depth-specific ordinations highlight shifts in the degree of sample groupings with depth where both the within-group associations and between-group separation become less apparent (i.e. decreasing A, increasing T; Fig. S3D ). To further assess the effect of depth across land-use types, data were ordinated based on overall land-use types (i.e. forest and field environments) ( Fig. S3E and G) . Field sites showed much stronger depth and site groupings (A = 0.12, 0.13, respectively; P < 0.001) than forested sites (A = 0.03, 0.04, respectively; P < 0.001) (Fig. S3A and G) . Results from ANOSIM and PERMANOVA further reinforced these observations (Table 1, Fig. S4A ). Reduced separation of deeper samples was apparent even after consideration of the 'arch effect' that was observed for the forested site ordinations, where there was more overlap in bacterial community composition with depth groupings (Fig. S5 , Supporting Information). In particular, PERMANOVA highlighted that depth explained a larger majority of the variation in the field dataset (i.e. field samples only; 16.7%, P = 0.001) than in the forest dataset (i.e. forest samples only; 5.1%, P = 0.001) (Fig. S3A) . When ordinations were assessed by soil horizons, we observed similar albeit a weaker magnitude of between-group community separation (A = 0.06, T = -15.8).
Soil pH effects on bacterial communities
A prominent trend observed across all sites was in relation to soil pH, as shown by the overall shift in bacterial community composition across ordination space (Fig. 5) . PERMANOVA further highlighted that soil pH was a strong and significant (P = 0.001) edaphic factor that shaped bacterial communities, explaining as much as ∼20% of the total variation in the datasets (based on PCoA ordinations; Fig. S3A ). When the effect of pH was assessed at each depth increment, pH was found to influence bacterial communities more strongly in surface soils (24.5%, in the 0-15 cm increment, 28.7% 15-30 cm increment, P = 0.001) than in subsurface soils (20.3% in the 30-45 cm increment, P = 0.001). In addition, pH explained more of the variation in the forest (∼19%, P = 0.001) than in the field dataset (∼14%, P = 0.001).
Land-use effects on soil bacterial communities
Visual assessment of ordinations indicated that bacterial communities were also influenced by land-use type ( Fig. 4B and D) . When grouped by individual sites, MRPP results showed a strong and significant (P < 0.001) difference in bacterial communities at both 5 and 15 cm depth increments (A = 0.15, 0.16, T = -48.9, -52.3 for the 15 cm and 5 cm datasets, respectively) ( Fig. 4B  and D) . This was further highlighted by PERMANOVA results (Fig. S3A) , which showed that the highest variations were explained by site ID (28.3%, P = 0.001) and land-use type (18.8%, P = 0.001) when all samples were considered. Moreover, ordinations showed that samples from field sites (D03, D07, D10, AA), as well as the alvars sites (Al), were more similar in bacterial community composition than the forest sites (IW, H, CA) ( Fig. 4B and D) . Further visual assessment of the land-use type ordinations revealed that, in general, samples could be primarily grouped as forest or field communities ( Fig. 4B and D) . When samples were ordinated by this classification, field sites showed much stronger site groupings (A = 0.12, 0.13, respectively; P < 0.001) than forested sites (A = 0.03, 0.04, respectively; P < 0.001) (Figs S2 and S3F and G) . ANOSIM (Table 1) and PERMANOVA (Fig. S3A ) results further supported this observation. In particular, PERMANOVA highlighted that site ID explained a larger majority of the variation in the field dataset (i.e. field samples only; ∼25%, P = 0.001) than in the forest dataset (i.e. forest samples only; ∼9%, P = 0.001) (Fig. S3A) . When the interactive effects of land-use type, site, and depth were assessed, we observed a stronger effect in the field dataset (28.6%, P = 0.001) relative to the forest (11.7%, P = 0.007) or overall dataset (16.1%, P = 0.001).
Additional edaphic effects on bacterial communities
Aside from depth, land-use type and pH, additional soil characteristics influenced bacterial communities across the rare Charitable Research Reserve. Across the full dataset, soil texture, plant richness, SIC, soil parent material and NO 3 − explained between 7% and 13% of the variation in the datasets (Fig. S4A , Supporting Information). When dissimilarity matrices, representing data only from the fields and forested environments, were assessed via PERMANOVA, there were considerable differences in the dominant variables identified (Fig. S4A) . For the field sites, the top three explanatory variables were texture (25.5%, P = 0.001), site location (25.3%, P = 0.001) and depth (16.7%, P = 0.001). In contrast, the top three variables influencing the forested sites were pH (19.0%, P = 0.001), texture (16.2%, P = 0.001) and SIC (14.5%, P = 0.001) (Fig. S4A) . The CCA plots constructed for the 'full' dataset, as well as the field and forest dataset subsets, were consistent with PER-MANOVA results and demonstrated that a variety of physicochemical factors operated along the same vector as depth and land-use type (Fig. S4B ). In the full dataset, NH 4 + , NO 3 − , NO 2 − , % H 2 O, % sand (including fine and very fine sand), silt, clay content and TC generally shifted in the direction of depth, as indicated by the directions and length of the environmental vectors (Fig. S4B) . In contrast, pH appeared to change most strongly along the same axis as the direction of change for landuse type, indicated by the vector length and direction as well as sample points (Fig. S4B ). In addition, coarse textural fractions (i.e. % gravel and coarse sand) were also shown to change along the same axis as pH and land-use type (Fig. S4B ). In the forest-only ordination (Fig. S4B ), results were consistent with the PERMANOVA; depth and pH gradients were generally found to operate in a similar direction relative to both the 'full' and 'forest' datasets (Fig. S4B ). In the fields' dataset, changes in % sand (including fine sand), silt and H 2 O appeared to shift most strongly along the same axis as the direction of change for landuse type (i.e. sample points for individual sites; Fig. S4B ).
Taxonomic associations of bacteria with soil depth and pH
Across the rare Charitable Research Reserve, 16S rRNA gene sequences were affiliated with members of the Proteobacteria (33.2%), Actinobacteria (27.8%), Acidobacteria (14.9%), Chloroflexi (6.6%), Gemmatimonadetes (4.7%), Bacteroidetes (3.0%), Nitrospirae (2.1%), Firmicutes (2.3%), Verrucomicrobia (1.7%) and Latescibacteria (formerly WS3; 1.2%) phyla. Based on a pairwise Wilcoxon rank-sum test, consistent and significant shifts in the relative abundance of specific taxa with depth were observed at coarse scale (i.e. 15 cm increments; Fig. 6A ) and finescale increments (i.e. 5 cm increments; Fig. 6B ). In particular, a consistent decline in the relative abundance of Bacteroidetes and Proteobacteria members was observed. In contrast, members from the Chloroflexi, Gemmatimonadetes, Nitrospirae and Latescibacteria were found to increase in relative abundance (Fig. 6 ). Similar to results highlighting bacterial community composition differences between land-use type, we observed a strong difference in the number of depth-correlated taxa between the forest and field datasets (Fig. 7A) . The field dataset maintained the highest number of depth correlated taxa (70), with the majority showing a negative correlation (55; Fig. 7A ). In contrast, we recovered only two taxa that were correlated with depth in the forest dataset after quality filtering, each showing a consistent positive correlation with depth at both spatial resolutions (Fig. 7A) . Across all samples, we recovered 21 depth-correlated taxa all of which were also observed in the field dataset. MB-A2-108 and Gemm-1 from the Actinobacteria and Gemmatimondetes phyla, respectively, were found to be the only consistently positively correlated taxa with depth across all datasets (Fig. 7A) . Furthermore, we observed a large difference in the number of correlated taxa assigned to uncultured groups. Of the positively correlated taxa, only three taxa, all of which from the field dataset, were assigned to characterized (i.e. characterized cultured representative) taxonomic groupings (Ectothiorhodospiraceae, Nitrospiraceae and Koribacteraceae; Fig. 7A ). In both the forest and full datasets, all positively correlated taxa were assigned to organisms without cultured representatives (Fig. 7A) . The majority of the uncultured negatively depth correlated OTUs were observed only in the field dataset with the exception of C111 and Ellin517 from the Actinobacteria and Acidobacteria phyla, respectively, which were also observed in the full dataset.
After quality filtering, we found an approximately equal number of both positively and negatively correlated taxa with pH (Fig. 7B) . Among the top positively and consistently correlated taxa with pH were members from Nitrospiraceae, S0208, BPC102 and Gemmatimonadetes from the Nitrospirae, Chloroflexi, Acidobacteria and Gemmatimonadetes phyla, respectively (Fig. 7B) . Taxa from Rhodoplanes and Ellin515 (Alphaproteobacteria and Verrucomicrobia phyla, respectively) were found to be consistently negatively correlated with pH across all datasets (Fig. 7B) . However, sequences assigned to Solibacterales and Acidobacteriaceae from the Acidobacteria phylum as well as to the group Burkholderia from the Betaproteobacteria phylum were found to be strongly and negatively correlated with pH among the forest and overall datasets (Fig. 7B) .
Indicator species analysis with depth and pH
Robust indicators for specific depth increments across all soils were not observed. However, when individual sites were assessed by depth, several putative indicator taxa were observed. Syntrophobacteraceae appeared to be indicative of deeper soils for both sites D10 and Al, whereas an unclassified Figure 6 . Shifts in relative abundance of the top 10 phyla with depth from soils taken from the rare Charitable Research Reserve. Panel (A) shows broad-scale (15 cm increment) shifts in taxa relative abundance (alvars sites are shown in gray and were sampled in 'broad' increments of 10 and 20 cm) and panel (B) shows fine-scale (5 cm increment) shifts associated with each depth increment. Bacterial phyla with a statistically significant differences in abundance between depth increments (based off the pairwise Wilcoxon rank-sum test) are highlighted by a gray bar with the level of significance marked with asterisks ( * = P < 0.05, * * = P < 0.01 and * * * P < 0.001).
Betaproteobacteria member and a member from the candidate class S035 from the Acidobacteria phylum were observed to be indicative of the active agricultural field. There were no overlapping depth-related taxa when indicator results were compared to the taxa correlations in Fig. 7A . Furthermore, because pH played an important role in shaping bacterial distributions (Fig. 5) , indicator species analysis was also conducted with respect to pH. Indicators of alkaline pH soil environments included members from the Firmicutes (Shimazuella, Paenibacillus), Actinobacteria (Solirubrobacterales, MB-A2-108), Cyanobacteria and the Latescibacteria phyla. Indicators for acidic soils were exclusively from the Acidobacteria phylum, with the exception of a member of the candidate family 0319-6A21 from the Nitrospirae phylum. When these results were compared with taxa correlations shown in Fig. 7B , there were observable consistencies. Paenibacillus and MB-A2-108, in addition to being indicative of more alkaline soils, were also found to be positively correlated with pH (Fig. 7B) . Acidobacteria members Candidatus Solibacter, Ellin6513 and Candidatus Koribacter were found to be negatively correlated with pH in addition to being an observed indicator for low pH soils (Fig. 7B) .
DISCUSSION
Depth as a function of soil chemistry structures bacterial communities across the rare Charitable Research Reserve
Depth represented a strong environmental gradient influencing soil bacterial communities, consistent with our initial hypothesis and results from previous studies (Fig. 4, Figs S3 and S4 ) (Fierer, Schimel and Holden 2003; Griffiths et al. 2003; Hansel et al. 2008; Eilers et al. 2012; Deng et al. 2015; Lipson et al. 2015) . In addition to strongly influencing bacterial richness (Fig. 3) , the influence of depth was apparent from the shift in many soil physicochemical parameters along soil profiles (Fig. S4B) . The magnitude of these depth-specific responses was stronger in the field sites than in the forest sites, even though shifts in SOC, TIC, NH 4 + , NO 3 − , H 2 O and texture showed generally consistent trends with depth across all pits (Fig. 2 , Figs S3E and G and S4).
Considering that the major difference in community composition between field and forest sites was largely a consequence of pH (Fig. 5, Fig. S4 ), it was expected that pH was also the main factor causing the observed differences in depth-based responses in bacterial communities between environment types. Indeed, further comparison of ordinations highlighted that, although individual pits from forested sites showed community separation by depth, the pH gradient across soils from forested sites (4.5-8) was much stronger in shaping bacterial communities ( Fig. 2A) . In previous studies, soil pH has been consistently reported as the dominant factor shaping microbial communities (Blagodatskaya and Anderson 1998; Nayak and Prasanna 2007; Lauber et al. 2009; Bartram et al. 2014) . In soils, pH affects microorganisms across large spatial gradients and various land-use types ), in addition to agricultural plots as observed using methods in common with this study (Bartram et al. 2014) . Consistent with these studies, the effect of pH was shown to be a principal factor shaping bacterial community composition in our work (Fig. 5) , exceeding the effect of depth, as evidenced by the notable differences among land-use types (Fierer and Jackson 2006; Lauber et al. 2009 ). Previous studies that have focused on depth-specific responses have highlighted that SOC quantity and quality were major factors influencing subsurface community composition in soil profiles. Fierer, Schimel and Holden (2003) suggested that, considering that soil pH, temperature, O 2 and texture do not generally shift substantially in soil profiles, these parameters likely do not play a major role in defining community structure in soil profiles. The magnitude of pH changes observed in our study was consistent with previous studies (Fierer, Schimel and Holden 2003; Will et al. 2010) , and pH was found to govern differences in bacterial communities throughout depth profiles among sampling locations. This further demonstrates the importance of pH as a predicator of bacterial community composition, not only across surface soils ), but also throughout subsurface soils.
We observed factors other than pH that influenced microbial communities with depth. For example, SIC explained a relatively high proportion of the variation in the datasets (Fig. S4) , particularly in the forested environments, and showed specific changes with depth (Fig. 2) . In general, SIC was higher in the lower depth samples, likely as a result of closer proximity to carbonate bedrock material at some sites (Van Breemen, Mulder and Driscoll 1983) . Although few studies have addressed the effect of SIC on microbial community composition (Fierer, Schimel and Holden 2003) , it likely plays important roles in soil buffering constraining pH to minimize differences in soil microbial communities (Van Breemen, Mulder and Driscoll 1983) .
Furthermore, SOC, NH 4 + and NO 3 − also influenced bacterial communities, albeit to a lesser extent than pH and SIC. In general, these components appeared to decrease with soil depth, an observation corroborated by others (Richter and Markewitz 1995; Trumbore 2000; Yang et al. 2010) . Together, SOC, NH 4 + and NO 3 − are principal resources required for cell growth and consequently represent important factors influencing microbial diversity and community composition (Sun et al. 2013) . More importantly, changes in the quality of SOC (labile, readily accessible forms) (Fissore et al. 2008) have been widely reported to represent a stronger constraint on community structure than quantity (Griffiths et al. 2003; Eilers et al. 2012) . Although pH was observed to more strongly affect bacterial communities, changes in SOC still represent an underlying and consistent gradient affecting bacterial communities in soils. Although SOC quality was not directly assessed, Fierer, Schimel and Holden (2003) showed that shifts in microbial communities between top and surface soils are due in part to differences in the availability of labile SOC, leading to physiologically altered (adapted) organisms capable of utilizing more recalcitrant sources of organic carbon. The gradual shift in bacterial community composition with depth (i.e. the lower A values; Fig. 4) is likely a result of the sampling scheme used in this investigation. Because depth increments were not dictated by soil horizon in this investigation, we note the potential for homogenization of interhorizon soils that may lead to more overlap in bacterial communities between depth increments. Although distinct groupings of bacterial communities by soil horizons have been reported in other studies (Hartmann et al. 2009; Will et al. 2010; Gittel et al. 2014b) , gradual shifts in bacterial community composition were also observed by others . We used predefined depth increments to allow for a robust comparison among soil depths and across different land-use types. Regardless, the effect of depth, even when considering potential for horizon homogenization was still apparent across all sites at both coarse-and fine-scale depth increments (Fig. 4) .
Land-use effects on soil bacterial communities across the rare Charitable Research Reserve
Ordinations indicated that bacterial communities were strongly influenced by land-use type (Fig. 4B and D, Figs S3 and S4 ). Differences between bacterial communities in the forest and field environments corresponded with differences in plant community composition between sites. In addition, PERMANOVA highlighted that the dominant plant species and plant richness explained a high proportion of the variation across all samples (Fig. S4A ). In addition, our PERMANOVA results highlighted that depth and site (land-use type) collectively explained a large majority of the variation in community composition when analyzed together, suggesting a consistent underlying constraint on bacterial assemblages. Aboveground influences have major roles in shaping microbial community composition (Kowalchuk et al. 2002; Jangid et al. 2011; Prober et al. 2015) . In particular, plant diversity has been suggested to predict the diversity and assemblages of soil microorganisms due to increases in food sources (i.e., root exudates, litter), microhabitat stabilization and physicochemical conditions of the soil environment (Prober et al. 2015) . The latter is partially a result of compounds released by plants into soils such as sugars and amino acids (Garbeva, van Veen and van Elsas 2004) . Because plant inputs (i.e. root exudates, litter) are translocated throughout soil profiles over time and affect the physicochemical environment (Garbeva, van Veen and van Elsas 2004) , the differences in community composition between surface and subsurface soils may partly reflect plant community influences; subsurface soils are presumably less influenced by plant-generated surface effects such as pH changes and litter input. Similarly, Fierer, Schimel and Holden (2003) also observed changes in microbial communities with depth which were associated with changes in SOC quality. Variations in physicochemistry throughout soil profiles, in part created by the plant communities, can add selective gradients including changes in pH, carbon and/or nitrogen ultimately altering microbial community members throughout the subsurface (Fierer, Schimel and Holden 2003; Eilers et al. 2012) .
Contrary to our initial hypothesis, there appeared to be no direct indication of bacterial community succession across the field sites sampled in this investigation. This was evident by lack of site groupings by year since decommissioning (Figs S3H and S4B) . Instead, edaphic factors including soil texture, particularly sand, silt and clay fractions, as well as moisture, strongly influenced changes in overall community composition across the field sites ( Fig. S3B and H) . Although these results do not eliminate the possibility of the absence of ongoing or past successional responses of subsurface communities, which may be (or had been) operating on different time scales (Fierer et al. 2010) , it does demonstrate the importance of the contemporary physicochemical environment in structuring bacterial communities.
Depth-related trends in OTUs
At coarse taxonomic resolution, obvious shifts in the dominant phyla with depth likely influenced the overall shifts in community composition with the depth gradient (Figs 4 and S7) . Members from the Proteobacteria and Bacteroidetes phyla were observed to decrease with increasing soil depth (Fig. 6 )-an observation noted in previous work (Hansel et al. 2008; Will et al. 2010; Eilers et al. 2012) . The decline in the relative abundance of these two phyla has been hypothesized to be a result of the general copiotrophic nature of many members within these groups (Fierer, Bradford and Jackson 2007; Hansel et al. 2008; Will et al. 2010; Eilers et al. 2012) . As a result, closer proximity to labile sources of SOC typical of surface soils (e.g. closer proximity to root systems) may, in part, explain the consistencies in the changes of these bacterial groups observed across depth-related soil studies (Fierer, Bradford and Jackson 2007) .
Evidence for distinct overall shifts in the relative abundance of Acidobacteria and Actinobacteria members was not observed despite previous reports for defined distributions throughout soil profiles (Fig. 6) (Hansel et al. 2008; Hartmann et al. 2009; Will et al. 2010) . However, Eilers et al. (2012) noted trends similar to those observed in this study and highlighted that members from these phyla are likely strongly dependent on site specific soil profile characteristics. Indeed, acidobacterial subgroups have been shown to demonstrate differential predominance across soil horizons (Hansel et al. 2008) . In contrast to observations from Eilers et al. (2012) and Hansel et al. (2008) , the Verrucomicrobia phylum did not exhibit a defined mid-soil profile peak in relative abundance but instead appeared to be consistently distributed throughout soil profiles (Fig. 6) . Considering that many members of the Verrucomicrobia phylum are free living and oligotrophic (Bergmann et al. 2012) , their distributions throughout soil profiles may indicate an adaptation of many members to the lownutrient environments characteristic of bulk soils .
We also noted increased abundance of members from the Chloroflexi, Gemmatimonadetes, Nitrospirae and Latescibacteria phyla with depth (Fig. 6) . Although reasoning for these patterns remains largely unexplored, previous research has highlighted interesting features about these bacterial groups. For example, the Chloroflexi phylum has been shown to increase in abundance throughout soil profiles correlating strongly (and negatively) with total biomass . Considering that total microbial biomass has been shown to parallel changes in C quality, this may highlight the ability of a large fraction of Chloroflexi members to utilize more recalcitrant C compounds . Previous research has highlighted that Gemmatimonadetes members are strongly adapted to low soil moisture conditions (DeBruyn et al. 2011) . In this study, moisture was consistently observed to decrease with increasing soil depth (Table S2) across the majority of sampled pits, suggesting a possible factor governing subsurface distributions of Gemmatimonadetes members (DeBruyn et al. 2011) . Furthermore, members from the Nitrospirae phylum have been shown to prefer nonrhizosphere environments (Dunbar et al. 2002) . Will et al. (2010) hypothesized that heterotrophic microorganisms that are associated with roots suppress the growth of autotrophic Nitrospirae. Considering the general decrease in SOC and N with depth observed in their study, the increased abundance of members form the Nitrospirae phylum may be due to a selective advantage that dark-adapted chemolithoautotrophic members have in subsoil systems .
Correlations of OTUs with soil depth and pH
We observed a predominance of positively correlated taxa from primarily uncultured organisms belonging to candidate bacterial groups (Fig. 7A) . This further highlights the importance of studying subsurface soil environments, considering the predominance of uncharacterized bacterial groups that appear to be more abundant in deeper soils. Although the presence of candidate Actinobacteria class MB-A2-108 has been detected in marker gene surveys (Valinsky et al. 2002; Rastogi et al. 2010; Gittel et al. 2014a) , since its discovery in deep marine sediment, very little is explicitly reported about their distribution in the environment presumably due to their low relative abundance (Reed et al. 2002) . However, MB-A2-108 is most closely related to a cultured isolate from the genus Frankia which has previously been reported to be negatively correlated with total carbon in soils (Myrold and Huss-Danell 1994; Reed et al. 2002) . Consistent with lower total carbon reported for deeper soils in this study, these results indicate that MB-A2-108 members may fill a defined niche characterized by low carbon typical of deep subsoil systems. Similarly, little is known about candidate class Gemm-1, despite detection in a variety of environmental samples originating from terrestrial (Ishii et al. 2009; Koo et al. 2015; Ye et al. 2016) and aquatic (Tian et al. 2016) sources. The apparent depthdependent distribution of Gemm-1 sequences suggests an important ecological role in soil, and future studies should focus on targeted exploration of members of this candidate clade.
In contrast, the higher proportion of negatively correlated OTUs with depth is consistent with the previous discussion for factors influencing microorganisms throughout soil profiles where shifts in the physicochemical environment particularly, SOC, NH 4 + and NO 3 − strongly governs microbial diversity in soils ( Fig. 7A ) (Sun et al. 2013) . For example, all known members from the Pseudonocardiaceae family are aerobic, which likely explains their greater abundance in surface soils where oxygen levels in pore spaces are presumably higher (Platas et al. 1998) . In addition, members from the family Bradyrhizobiaceae, which were found to be consistently negatively correlated with depth, contain mutualistic N-fixing organisms, which are often predominant in top soils where root densities and presumably root exudates are higher (Barbour, Hattermann and Stacey 1991; Souza et al. 2013) .
Evidence from pH correlations further highlights the strong effect of pH in shaping taxa distributions in soils, consistent with previous work (Fig. 7B) (Jones et al. 2009; Shen et al. 2013) . Generally, more positively correlated OTUs with pH were observed, consistent with the general increase in richness at nearneutral pH ranges as reported in this study and in previous work Kuramae et al. 2012) . Additionally, Nitrospirae and Chloroflexi members were among the top strongly and positively correlated OTUs with pH. The association of members from these phyla in more neutral soils has also been observed by Bartram et al. (2014) and is consistent with their known ecology; both Nitrospiraceae and Anaerolineae members have been shown to have pH optima at neutral to near-neutral values (Yamada et al. 2006; Daims 2014) .
Furthermore, consistent with their ecology, many members from Acidobacteria phylum, particularly the Acidobacteria and Solibacteres class (subdivisions 1 and 3, respectively), were found to be strongly and negatively correlated with pH ( Fig. 7B ) (Ward et al. 2009; George et al. 2011) . This observation has also been noted in previous studies (Jones et al. 2009; Bartram et al. 2014) . In particular, taxa that were strongly negatively correlated with pH were from the acidobacterial groups Koribacteraceae and Solibacterales. These results were also consistent with previously reported pH ranges of these organisms (Ward et al. 2009 ). Although members from the Rhodoplanes genus are generally considered neutrophilic, some members are reported to grow at a pH as a low as 5.5 (Hiraishi and Ueda 1994; Okamura, Kanbe and Hiraishi 2009 ).
Depth and land-use specific bacterial indicators
Contrary to initial hypotheses, robust indicators were not particularly evident for depth, land-use or pH. Because by definition an indicator should be specific and exclusive to a particular group, these findings were not particularly surprising given the heterogeneity of the soil environment. Nonetheless, indicator species were observed for specific depth increments at specific sites. The observation that Syntrophobacteraceae members were found to be putatively indicative of deeper horizons is largely consistent with their known ecology considering that members are strictly anaerobic (Kuever, Rainey and Widdel 2005) . However, results suggesting that they are particularly indicative of sites D10 and Al remains unclear as there were no distinctive similarities between the sites.
Several bacterial indicators were associated primarily with neutral soil samples. Members from the Firmicutes (Shimazuella, Paenibacillus), Actinobacteria (Solirubrobacterales, MB-A2-108), Cyanobacteria and the Latescibacteria phyla were found to be generally indicative of alkaline environments, largely consistent with their known ecology (Albuquerque and da Costa 2014) . The prevalence of members from the genera Shimazuella (Carrillo and Benítez-Ahrendts 2014) and Paenibacillus (Shanmugam and Stackebrandt 2014) in neutral to near-neutral environments is supported by studies suggesting their preference for neutral and alkaline environments. In contrast, many members from the Solirubrobacterales group, a member from the Actinobacteria phylum and an indicator for alkaline environments reported in this study, have been shown to be found in acidic environments (Albuquerque and da Costa 2014) . This observation likely highlights the widespread known ecological breadth of actinobacterial members (Goodfellow and Williams 1983; Piao et al. 2008) . Other neutral pH soil indicators included Cyanobacteria and WS3 members, consistent with their known preference for higher pH soil environments (Nayak and Prasanna 2007; Youssef et al. 2015) . When indicator results were compared to correlation analysis, there was some evidence of consistencies (i.e. prevalence generally at similar pHs) for some taxa, particularly for pH.
Microbiogeographical implications
Defining the influence of the contemporary and historical environment in shaping the distributions of microorganisms on Earth represents a challenging and active area of investigation in microbial ecology (Martiny et al. 2006; Hanson et al. 2012) . Indeed, studies assessing factors affecting the spatial-temporal distributions of microorganisms have found evidence supporting both the 'everything is everywhere' dictum (Kim et al. 2015) and the hypothesis that site history plays a major role in shaping soil microbial communities (Jangid et al. 2011) . We observed a stronger influence of soil physicochemical factors, rather than historical legacies, in shaping bacterial communities. This is highlighted by the importance of physicochemical parameters, particularly pH-and depth-specific factors, in governing overall bacterial community diversity and composition (Kuramae et al. 2010 (Kuramae et al. , 2012 .
A stronger line of evidence for the importance of the immediate physicochemical environment is the lack of successional responses observed after agricultural decommissioning. Consistent with this hypothesis, others have noted that soil pH (Kuramae et al. 2010) , as well as other soil physicochemical parameters, such as potassium and NH 4 + (Kuramae et al. 2011) , could strongly affect the successional trajectory of soil bacteria rather than aboveground plant richness and diversity. Succession can be considered as a process that imparts lasting historical characteristics on the environment resulting from landuse disturbances (Liiri et al. 2012) . For example, a microcosm experiment evaluating legacy effects of intensively managed lands found that regardless of the restoration attempt, the historical legacies of past land-usages had lasting effects on soil quality consequently affecting soil organisms (Liiri et al. 2012; Jangid et al. 2013) . Of course, there is a variety of caveats to the biogeographic interpretation of the results in this study, including that succession was approximated using different sites across the rare Charitable Research Reserve (i.e. chronosequence analysis) (Johnson and Miyanishi 2008) . With that being said, the apparent effect of SIC (Fig. S3 ) on community composition may indeed highlight historical constraints. SIC increased within deeper soils, presumably a result of closer proximity to dolostone (CaMg(CO 3 ) 2 ) bedrock material formed millions of years ago. The importance of contemporary processes (i.e. physio-chemical environment) and historical effects is likely dependent on the physiology of individual taxa, habitat type, geographic scale and taxonomic resolution (Hanson et al. 2012) . As a result, taking into account the effect of these components is necessary for future investigations of soil microbial biogeography (Hanson et al. 2012) .
CONCLUSION
This study explored biogeographical patterns of soil bacteria across the rare Charitable Research Reserve, highlighting the strong effects of depth and soil physicochemistry. These results provide important baseline data for how microorganisms are distributed within soils, demonstrate the potential for increased phylogenetic novelty in relation to soil depth and provide a subsurface microbial biogeography baseline for the rare Charitable Research Reserve that will enable future research efforts in soil microbial ecology.
